Introduction
The precise measurement of different parameters in the infrared spectrum in the a 1 △ g ←X 3 Σ − g (0, 0) band of oxygen is of fundamental interest to the atmospheric scientists for modelling and calculating different physical parameters like radiation transfer, heat distribution due to the greenhouse gases, ozone abundances and hence providing a comparative study of different atmospheric models available. Oxygen transitions are often used as a calibrator on the spectra obtained from the satellite instruments. Furthermore taking the ratio of column abundances of CO 2 or CH 4 to that of O 2 cancels many common systematic errors which are related to the instruments [2] . So there is a constant demand that all the spectroscopic parameters corresponding to this a-X (0, 0) transition are precisely measured.
Due to the importance, magnetic dipole transitions in this band were tabulate in the HITRAN database [3] . Since these parameters have been continuously updated through different experimental results as HITRAN was evolving. The intensities of the a 1 △ g ←X 3 Σ − g (0, 0) band for 16 O 2 in HITRAN (modified for HITRAN2000 using experimental parameters from Lafferty et al. [4] ). However it were found to be inadequate for atmospheric retrievals such as the one in Ref. [2] . The updated list of 16 O 2 intensities recently adopted for HITRAN was derived by Orr-Ewing based on experimental results from Newman et al. [5] . These intensities are much accurate in application to atmospheric retrievals [2] . In order to improvise the retrievals, Washenfelder et al. [2] used an empirical scaling to HITRAN2008 intensities of 16 O 18 O. These intensity improvements have served as a basis for an interim update of the HITRAN oxygen file that was placed on the HITRAN website in November 2009. There is still space for substantial improvement of spectral parameters of the 1 △ g ←X 3 Σ − g (0, 0) band of molecular oxygen. Recently Gordon et al. [6] have shown the importance of including quadrupole lines in this region to the HITRAN line list to improve the residuals of the solar absorption spectrum.
The line position of the a 1 △ g ←X 3 Σ − g (0, 0) band transitions of 16 O 2 in HITRAN, the X 3 Σ − g spectroscopic constant from Rouillié et al. [7] and a 1 △ g rotational constants determined from the microwave spectrum by Hilling et al. [8] were used. Gamache et al. [9] describe that the term energy of a 1 △ g was taken from Krupenie [10] . The term values of Krupenie were corrected in HITRAN to match the unpublished FTS spectrum measured by Brault [11] . In HITRAN2008, line position of 16 O 18 O were calculated using ground state constant of Yamomoto et al. [12] and excited -state rotational constants reported by Herzberg et al. [13] .
Though the HITRAN line positions are well accepted universally till today, a much more precise measurement of the a − g (0, 0) band electronic transitions using a high sensitive cavity-enhanced frequency modu-lation spectroscopy. The present work measures different parameters i.e. the self-broadened half-width, air-broadened half-width, line-center frequency and line intensity of the O 2 a-X (0, 0) band using ultra pure oxygen sample and dry air sample at three different pressures (200 mbar, 400 mbar and 600 mabr). Our measurement of the line positions of the transitions are used to determine improved molecular constants which are of significance for the correct interpretation of the atmospheric phenomena.
Experimental setup
To record our data we use the ultrasensitive technique of noise-immune cavity-enhanced optical heterodyne molecular spectroscopy (NICE-OHMS) [15, 16] . NICE-OHMS is a technique in which frequency modulation spectroscopy (FMS) is performed within a high-finesse cavity, thereby increasing the effective sample path length by 2×f inesse π
. The laser frequency is locked to a longitudinal cavity mode and the modulation frequency is locked to exactly match the cavity free spectral range (f F SR ). This ensures all the frequency components of the light are affected identically by the cavity. The light transmitted by the cavity is incident on a fast photodiode and the output is demodulated to produce a cavity-enhanced FMS signal. A second level of modulation, at low frequency, is applied to the cavity (and hence the laser), and this signal is demodulated by a lock-in amplifier to produce the NICE-OHMS signal.
Details of our NICE-OHMS experimental setup are described in an earlier work from our laboratory [17] . Briefly, our experimental setup uses an external cavity diode laser with a wavelength range from 1260 nm to 1310 nm, and a high finesse cavity with a free spectral range of 540 MHz. The cavity has a finesse ≃ 16000 and thus an effective path length of over 2.8 km. The cavity output mirror is mounted on a piezoelectric transducer (PZT) to allow scanning of the cavity length. The cavity lies within an ultrahigh vacuum chamber, evacuated to a base pressure of 10 −7 mbar before being filled with molecular oxygen sample (ultra pure oxygen) or dry air sample. The intra-cavity pressure was measured using a capacitance manometer (Pfeiffer Vacuum TPG 261) with a range of 1-1100 mbar and a precision of 0.1%. Over the period our measurements were taken the temperature of the vacuum chamber drifted with the variation in room temperature between 22.4 and 23.3
• C.
We used a National Instruments PCI-6259 M-series data-acquisition card to perform frequency scans and to collect our NICE-OHMS data. A voltage ramp from an analog output was fed to the cavity PZT, producing a scan of the cavity length and hence the laser frequency. Each scan took 40s and spanned up to 0.42 cm −1 . The cavity PZT does not produce a linear scan with voltage, so a frequency scaling measurement was made for each data set. Each 42 cm −1 wide spectrum recorded with one single laser (New Focus TLB 6324-D Velocity Laser) was calibrated independently on the basis of the wavelength values provided by a Michelson-type wavemeter (Bristol 621A NIR, absolute accuracy ±0.002 cm −1 @ 10,000 cm −1 ). Furthermore we applied lambdameter reading corrections as described in a earlier work by Perevalov [18] . After the correction, the entire spectrum become linear in terms of frequency. For the data presented in this paper, the output of the lock-in amplifier (the NICE-OHMS signal) was averaged over 12 consecutive scans. The typical uncertainty in the line position is estimated to be less than 1×10
−3 cm −1 . We used Matlab to perform a fit of the collected data to a theoretical NICE-OHMS lineshape function [17] . The theoretical lineshape is based on a Voigt lineshape and accounts for the effect of the two levels of frequency modulation. As the experiment is performed at room temperature, we calculate the Gaussian width at 23
• C which causes the Doppler broadening, and the fitting routine produced best fit parameters for the peak absorption, the Lorentzian half-width due to pressure broadening, and thus the line intensity. We estimate the experimental precision for each of the transitions on a case by case basis, determining the range over which fitted parameters are reasonable. A detailed discussion of the sources of error is discussed in a earlier work from our laboratory [17] . For stronger, well-resolved, transitions we estimate an experimental precision of 4% for the linewidth and 7% for the line intensity, whereas for the weakest, least resolved, transitions we have estimated errors of up to 40% for the linewidth, and 70% for the line intensity. In addition, the uncertainty in our detection system gain in 8% so the overall accuracy of the line intensities is there experimental precision plus 8%, while the overall accuracy of the linewidths is equal to the experimental precision. For our experiment we have used ultra pure oxygen and a dry air mixture to measure the self-broadened and air-broadened half-width respectively.
Result and analysis
The overview of the transitions in the a 1 △ g ←X 3 Σ − g band of oxygen is shown in Fig. 1 . The transitions reported within this paper lie between 7640 to 7917 cm −1 and it is clear that from the overview spectra that the line strength of these transitions are very low. We were able to measure only the symmetric isotopologues i.e.
16 O 2 and 18 O 2 , since the line strengths for the transitions of asymmetric isotopologues are much lower than the resolution limit of our experimental set up.
Lines of
16 O 2
We have measured 14 transitions in the O branch, 7 transition in the R branch, 36 transitions in the P branch and 53 transition in the Q branch of 16 O 2 in the a
Our measured parameters and corresponding experimental uncertainty of these transitions are given in Table 1, Table 2, Table 3 and in Table 4 respectively. The uncertainties for some of the transitions are larger. Since many of the transitions overlap and hence the fitting become more difficult. In Fig. 2 and Fig. 3 we compared our measured line intensities for these transitions with the calculated values in the HITRAN database. Furthermore, we have measured the selfbroadened linewidth (measurement with ultra pure oxygen sample) and the air-broadened linewidth (measurement with dry air sample) for these transitions at three different pressure i.e. 200 mbar, 400 mbar and 600 mbar which are shown in 
18 O 2
We have measured 14 transitions in the O branch,13 transition in the R branch, 3 transition in the S branch, 40 transitions in the P branch, and 60 transition in the Q branch of 18 O 2 in the a 1 △ g ←X 3 Σ − g (0, 0) band. Our measured parameters and corresponding experimental uncertainty of these transitions are given in Table 5, Table 6, Table 7 and in Table 8 respectively. In Fig. 8, Fig. 9 we compared our measured line intensities for these transitions with the calculated values in the HITRAN database. Furthermore, we have measured the self-broadened linewidth (measurement with ultrapure oxygen sample) and the air-broadened linewidth (measurement with dry air sample) for these transitions at three different pressure i.e. 200 mbar, 400 mbar and 600 mbar which are shown in Fig. 10, Fig. 11 Fig. 12 and in Fig. 13 along with the calculated values in the HITRAN database. It is to be noted that, the measured line positions, line intensities, self-broadened and airbroadened Lorentzian half width are in good agreement with the predictions in the HITRAN database.
Data fitting
We used Matlab to perform a Voigt lineshape fit on each transition to a theoretical NICE-OHMS lineshape function [17] . The lineshape is accounts for the effect of the two levels of frequency modulation.
The energy of a transition from the ground state (N ′ , J ′ ) to the excited state (J) is given by the equatioñ
where the lower state energy
′ is the measured line position, and ν 0←0,0 , B 0 and D 0 are the molecular constants of the excited state, a(ν = 0) which we measured.
3.3.1.
16 O 2 parameters We have measured 111 lines of the a
To extract the parameters of each individual transition we fit Eq.1 to the line position of the measured transition. The results of the fit are given in Table 9 , where the a 1 △ g state constants compared with those from Olaga [1], Amiot [19] and Rothman [20] .
3.3.2.
18 O 2 parameters We have measured 130 lines of the a
To extract the parameters of each individual transition we fit Eq.1 to the line position of the measured transition. The results of the fit are given in Table  10 , where the a 1 △ g state constants compared with those from Olaga [1].
Conclusion
Our work characterized 241 ultraweak transitions in molecular oxygen by measuring their line positions, self-broadened and air-broadened linewidths and line intensities using NICE-OHMS. The precise value of the parameters provide a path to improve the existing HITRAN database. It is to be noted that the a 
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